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Intermedin (IMD) is a member of the calcitonin gene-related peptide (CGRP)/
calcitonin (CT) superfamily, and it is expressed extensively throughout the body.
The typical receptors for IMD are complexes composed of calcitonin receptor-like
receptor (CLR) and receptor activity-modifying protein (RAMP), which leads to a
biased activation towards Gas. As a diagnostic and prognostic biomarker, IMD
regulates the initiation and metastasis of multiple tumors. Additionally, IMD
functions as a proangiogenic factor that can restrain excessive vascular
budding and facilitate the expansion of blood vessel lumen, ultimately resulting
in the fusion of blood vessels. IMD has protective roles in various diseases,
including ischemia-reperfusion injury, metabolic disease, cardiovascular
diseases and inflammatory diseases. This review systematically elucidates IMD's
expression, structure, related receptors and signal pathway, as well as its
comprehensive functions in the context of acute kidney injury, obesity,
diabetes, heart failure and sepsis. However, the precise formation process of
IMD short peptides in vivo and their downstream signaling pathway have not been
fully elucidated yet. Further in-depth studies are need to translate IMD research
into clinical applications.

KEYWORDS

Intermedin (IMD), calcitonin gene-related peptide (CGRP), tumor, cardiovascular
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1 Introduction

In 2004, Roh and Takei first discovered intermedin (IMD), which is secreted and
highly expressed in the intermediate lobe of the pituitary gland (Roh et al., 2004; Takei
et al., 2004; Takahashi et al., 2006). IMD belongs to the calcitonin gene-related peptide
(CGRP) superfamily, which includes members such as CGRP, calcitonin (CT), amylin
(AMY), and adrenomedullin (ADM) (Chang et al., 2004; Bell et al., 2016). Mammalian
IMD shares a sequence similar to fish ADM2, prompting some researchers to refer to it
as ADM2.

IMD is expressed in various tissues, such as the brain, kidney, liver, lung,
submandibular gland, pancreas, esophagus, gastrointestinal tract, and adipose tissue
(Figure 1) (Ogoshi et al., 2003; Ni et al., 2014). Also, IMD is expressed in multiple cell
types, including cardiac fibroblasts, cardiomyocytes, cells of the cardiac
microvasculature, arterial endothelial cells, renal mesangial cells, renal tubular
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The expression of IMD is found in various organs and tissues throughout the body.

epithelial cells, and others (Smith et al., 2009; Bell et al., 2012).
However, its expression in plasma is relatively low, with levels
ranging from 100 to 200 pg/mL (Hay et al., 2011; Garcia-Ponce
et al., 2016). Further studies are warranted to evaluate the
underlying mechanisms of IMD peptides in the plasma and
the enzymes responsible for their degradation.

The expression of IMD is regulated by an estrogen response
element (ERE), a hypoxia response element (HRE), and an
integrated stress response element (ISR) (Garcia-Ponce et al,
2016). The expression of IMD increases in human aortic
endothelial cells under various stress conditions, such as
oxidative stress and serum starvation (Garcia-Ponce et al., 2016).
Studies have also found that in iodine-deficient rats, the expression
of IMD was increased in thyroid follicular cells (Roh et al., 2004; Ni
et al., 2014; Alexander et al., 2015).

Given its wide distribution, IMD may play critical biological
roles. IMD mainly functions in an autocrine and paracrine manner,
regulating hormone secretion and perfusion in major tissues and
organs (Bell and McDermott, 2008). IMD is involved in regulating

both prolactin secretion and estrogen-induced prolactin release
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(Roh et al., 2004). Additionally, IMD can regulate blood pressure
in pregnant women (Alexander et al,, 2015).

In this review, we systematically summarize the expression,
molecular structure, receptors, signaling pathway of IMD, and its
function in the context of the cardiovascular disease, metabolic
syndrome, tumor blood vessel angiogenesis and remodeling, and
inflammatory diseases. Our findings suggest that IMD may have
broad clinical applications, but there are still some questions that
need to be addressed in the future.

2 Formation of IMD

The human IMD gene is located on chromosome 22q13.33 and
it encodes a pre-pro hormone called pre-pro-IMD, which consists of
148 amino acids and a signal peptide for secretion at its N-terminus
(Chang et al., 2004). Bell et al. discovered that in vivo, the complete
pre-pro-hormone is hydrolyzed at three specific sites: Arg'®-Thr'",
Arg'”-Val'® and Tyr'7-Gly'*®. Notably, the site Tyr'’-Gly'*®
undergoes amidation (Bell et al, 2016). The hydrolysis of the
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A schematic drawing illustrating the structure of the human IMD prepropeptide. The pre-pro-IMD molecule is cleaved at its C-terminal to yield three
mature IMD peptides: IMD;_s3, IMD;_47 (together referred to as IMD long), and IMD; _ 40 (known as IMD short). The precursor fragment, pre-pro-IMDzs g,
is biologically inactive and undergoes cleavage at Argse-Pros;, resulting in the formation of two fragments: propeptide-IMD,5_s¢ and propeptide-

IMDs7_g5.

pre-pro-hormone produces three biologically active C-terminal
peptides: IMD;_49, IMD;_47, and IMD;_s;, along with several
prerequisite fragments, such as IMD,s 55 and IMDs; o,
(Figure 2) (Ni et al., 2014).

As confirmed by sequence comparison, IMD is highly conserved
across different species. The amino acid sequence of human
IMD,_4, is 87% identical to that of rats and 60% similar to that
of teleost fish (Ogoshi et al., 2003). While, compared to ADM of the
CGRP family, only 28% of the sequences are identical. The
properties of highly conserved to orthologs with low homology
to paralogs indicate that IMD plays a unique role in the body (Ni
et al., 2014; Garcia-Ponce et al., 2016).

Studies have revealed that IMD and its related peptides exhibit
unique synergistic and antagonistic effects on regulation of gene
expression, biological ~processes, receptor binding, signal
transduction, and the occurrence and development of diseases.
Nevertheless, the precise formation process of these short
peptides and their relative content in vivo have not been fully

elucidated yet.

3 Receptors for IMD

IMD is a secretory peptide that is relatively short in length
(Bell and McDermott, 2008; Garcia-Ponce, Chénez Paredes et al.,
2016). The typical receptors for peptides of CGRP family are
complexes composed of calcitonin receptor-like receptor (CLR)
and receptor activity-modifying protein (RAMP) (Roh et al,
2004). CLR belongs to the class B G protein-coupled receptor
(GPCR) subunit, which enables IMD and other members of
CGRP family to interact with cells and carry out their
2015). RAMPs
molecular chaperones, facilitating the translocation of CLR

functions (Alexander et al, function as
from the endoplasmic reticulum and Golgi bodies to the cell
surface (Weston et al., 2015). They enhance the cell surface
expression of CLR and play a critical role in the pharmacology

of CLR (Hay and Pioszak, 2016).
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There are three types of RAMPs: RAMP1, RAMP2, and RAMP3.
CLR interacts with different RAMPs, leading to varying ligand
selectivity. RAMPs could alter CLR ligand selectivity through
allosteric effects and direct peptide contacts (Booe et al.,, 2018).
CLR heterodimerizes with RAMPI to form the CGRP receptor,
whereas CLR heterodimerizes with RAMP2 or RAMP3 to form the
AM; and AM, receptors, respectively (Bell et al., 2016). The peptide
ligands activate each receptor with differing potencies. CGRP has
the highest affinity for the CGRP receptor, while ADM has the
highest affinity for the AM,; and AM, receptors. CGRP has also been
observed to bind to AM, receptor complexes, but with an affinity
that is 50-fold lower than that of ADM(Hay et al., 2011). The human
ADM was also able to stimulate cyclic adenosine monophosphate
(cAMP) production via the CGRP receptor, but its affinity is
approximately 10 times lower than that of CGRP (Bailey and
Hay, 2006).

IMD is capable of binding to all CGRP, AM, and AM, receptors
(Zhang et al., 2016). Primarily, IMD signals via CGRP or AM,
receptors, and to a lesser extent, also via AM; receptors (Figure 3)
(Garcia-Ponce et al,, 2016; Roehrkasse et al., 2018). Although the
AM, receptor has the highest affinity for IMD, the majority of IMD’s
cardiovascular effects are mediated by CGRP receptors and AM,;
receptors, probably due to their high expression in the heart and
blood vessels (Bell and McDermott, 2008). Furthermore, IMD may
function through AMY receptors, which consist of the calcitonin
receptor (CTR) and RAMPs (Owiji et al., 2008). Since IMD interacts
with multiple receptors, several regulatory mechanisms could be
involved in mediating its biological effects. Therefore, designing
specific inhibitors that target IMD based on its receptors is of great
importance for its specific clinical applications (Zhang et al., 2018).

4 Signaling pathways for IMD

The CLR-based receptors are known for having complex
downstream signaling pathways. The interaction of CLR with

different G proteins initiates various signaling pathways
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A diagram illustrates how IMD activates various downstream signaling pathways through different CLR/RAMP receptor complexes. CLR, calcitonin

receptor-like receptor; RAMP, receptor activity-modifying protein.

(Alexander et al., 2015). RAMPs are involved in modifying the G
protein selectivity activated by CLR-based receptors. For example,
when the IMD 47 polypeptide is added to HEK-293 cells, the CGRP
and AM, receptors lead to a biased activation toward Ga signaling,
while the AM, receptors show a bias toward Ga, signaling (Figure 3)
(Weston et al., 2016). Besides, CGRP, ADM and IMD may activate
receptors via different signaling pathways depending on the specific
peptide involved. For example, the AM, receptors show a bias
toward Ga, signaling in response to ADM and change to Goq
signaling in response to CGRP. Inversely, the CGRP receptors
displays a bias toward Ga, signaling when activated by CGRP,
but changed to Ga; signaling when activated by ADM (Weston
et al.,, 2016).

It is likely that the main transduction pathway for CLR-based
receptors activated by IMD involves coupling to Gs, activating
(AC),
accumulation of cAMP. The accumulation of cAMP can
activate protein kinase A (PKA), making the AC-cAMP-PKA
pathway the most important intracellular signaling pathway of

adenylyl cyclase and resulting in intracellular

IMD. This pathway is involved in the attenuation of vascular
calcification (Chen et al., 2020), alleviation of cardiac fibrosis
(Zhang et al., 2022), inhibition of atherosclerosis (Dai et al.,
2012), reduction of blood pressure, and improvement of cardiac
function during hypertension (Yuan et al., 2012), among other
effects. IMD can also increase the activity of nitric oxide synthase
(NOS) and endothelial NOS (eNOS), leading to elevated nitric
oxide (NO) content and enhanced L-arginine uptake in tissues

(Chen et al., 2006). This mechanism is involved in the
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attenuation of hypoxic pulmonary vascular remodeling (Mao
et al., 2014). Furthermore, NO can activate guanylate cyclase
(GC) and elevate intracellular cGMP levels. Therefore, the
L-arginine-NO-cGMP signal pathway also plays a significant
role in the biological function of IMD.

Recently, IMD has been reported to mediate various biological
functions through multiple pathways (Figure 3). These include the
PI3K/Akt and AMPK pathways, which are involved in attenuating
aging-associated vascular calcification (Chen et al, 2020).
Additionally, IMD has been shown to activate the ERK pathway,
promoting cell migration and tube formation in cultured endothelial
cells (Smith et al.,
involved in cell

2009). In hepatocellular carcinoma, IMD is
through the ERKI/2-EGR1/
DDIT3 signaling pathway (Xiao et al, 2021). Moreover, IMD
contributes to decreased atrial fibrosis in rats after myocardial
through the TGF-$1/Smad3
pathway (Ma et al., 2023). In diabetic conditions, IMD promotes

invasion

infarction operation signaling
bone generation via the PPARY/NF-«B signaling pathway (Wang
2021).
pathological cardiac remodeling through the PPARy-klotho
pathway (Zhang et al., 2020).

However, the receptor affinity and activation of downstream

et al, Furthermore, IMD participates in alleviating

signaling pathways remain unclear. In addition, there is a lack of
antagonists and analogs that can be utilized to further differentiate
the specific pathways of different receptors (Ni et al., 2014). Thus,
the development of analogs or specific inhibitors of IMD could be
crucial in comprehending the biological functions and molecular
mechanisms of IMD.
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5 Functions of IMD and its family
members

5.1 Functions of CGRP

The calcitonin gene-related peptide (CGRP) is widely
distributed and performs critical biological functions. Calcitonin,
CGRP, and amylin are essential regulators of cardiovascular
diseases, kidney diseases, sepsis, inflammatory responses, and
diabetes (Bell and McDermott, 2008). In a physiological state, the
primary role of amylin is to regulate glucose metabolism, while
calcitonin regulates calcium metabolism (Wong et al., 2014; Junfeng
et al., 2016). CGRP and ADM share similar biological effects,
including the regulation of cardiovascular homeostasis and
vasodilation (Naot and Cornish, 2008). CGRP is also a
neuropeptide that plays a major role in the sensory nervous
system (Brain and Grant, 2004).

5.2 Functions of ADM

Members of ADM family are all found in fish (Takei et al.,
2004). In mammals, only three peptides from ADM family,
ADM, ADM2 (IMD), and ADM5 have been identified (Takei
et al,, 2008). ADM contains 52 amino acids and plays an
important role in human tissues and organs in a paracrine
manner (Hay et al,, 2011). ADM primarily functions through
the AM; and AM, receptors (Poyner et al., 2002). ADM is
significantly expressed in endothelial cells and may contribute
to promoting cardiovascular relaxation (Garcia et al., 2006).
ADM is also expressed and exerts
vasodilatory effects on blood vessels. Voors et al. found that

in various tissues
the expression of ADM significantly increased during the
progression of chronic heart failure (Voors et al., 2019). The
short intermediate peptide pro-AMD,s o,, generated during
ADM hydrolysis, has demonstrated the ability to predict the
progression of heart failure in clinical settings (Yuyun et al,
2015).

ADM is also extensively expressed in various types of tumors,
and its expression significantly increases in response to hypoxia-
inducible factor-la (HIF-1a) under hypoxic conditions (Albertin
et al,, 2005). Importantly, high expression of ADM promotes the
formation of blood vessels and lymphatic vessels within tumors,
which contributes to tumor initiation and progression. ADM has
also been implicated in many endocrine-related tumorigenesis, such
as renal cell carcinoma (Deville et al., 2009), granulation cell tumor
(Deville et al., 2009), hepatocellular carcinoma (Qu et al., 2015),
pancreatic cancer cell (Keleg et al., 2007), invasive squamous cell
carcinoma (Li et al., 2001), and neuroendocrine tumors (Li et al.,
2001).

5.3 Functions of IMD

5.3.1 Tumor progression

Recent studies have revealed a strong correlation between IMD
and the development of tumors, as well as the prognosis of patients
with tumors (Hirose et al., 2008; Ni et al., 2014). In 2008, Morimoto
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et al. reported for the first time that IMD expression was increased in
adrenal tumors (Morimoto et al., 2008). In 2012, Guo et al.
discovered that the expression of IMD is relatively low in normal
hepatocytes, but it gradually increases with the degree of malignancy
in hepatocellular carcinoma (HCC). Subsequent studies have shown
that IMD was primarily expressed in malignant hepatic carcinoma
cells and in the vicinity of tumor blood vessels, which promotes the
proliferation of HCC (Guo et al,, 2012). Our team has recently
shown that IMD could facilitate metastasis and invasion of HCC
through ERK1/2-EGR1/DDIT3 signaling cascade (Xiao et al., 2021).
Lu et al. reported that the level of IMD in the peripheral blood of
breast cancer patients was significantly higher than that of normal
controls. Furthermore, patients who had higher IMD expression
before surgery exhibited lower 5-year survival rate and overall
survival rate, as well as a higher recurrence rate (Lu et al., 2015).
Kong et al. also found that IMD expression was significantly
increased in breast cancer samples and facilitated its metastasis
by increasing ribosome biogenesis and protein translation via the
Src/c-Myc signaling pathway (Kong et al., 2022). Hollander et al.
showed that patients with pancreatic adenocarcinoma who had high
IMD expression exhibited a shorter median survival time and poorer
5-year survival compared to those with low IMD expression
(Hollander et al., 2015).

These studies suggest that IMD and its related peptides are
involved in the onset and progression of multiple tumors,
potentially playing important roles in cancer cell survival and
invasion. Further research is needed to confirm the potential
mechanism of IMD and its related peptides in tumorigenesis and
development.

5.3.2 Angiogenesis and vascular fusion

The process of angiogenesis is necessary to provide a suitable
vascular network for tumor growth and metastasis. The primary
characteristics of tumor vessels include an unstable vascular
endothelial barrier, increased permeability, and dysregulation of
Thus,
effective

vascular expansion, which facilitate tumor invasion.

controlling tumor-associated angiogenesis is an
approach to limit tumor progression (Fiedler and Augustin, 2006;
Carmeliet and Jain, 2011). The process of blood vessel formation can
be divided into two stages: vasculogenesis and angiogenesis (Morin
and Tranquillo, 2013; Ibrahim and Richardson, 2017; Vallée et al.,
2018). The former refers to the process of establishing a fundamental
vascular network from scratch. The latter involves the growth of new
blood vessels from the existing primary network, leading to the
formation of a functional vascular network (Ribatti et al., 2015).
Emerging IMD, a
proangiogenic factor, plays an essential role in regulating
angiogenesis (Smith et al., 2009). Zhang et al. identified that IMD

could promote vascular remodeling and tumor angiogenesis in a

evidence demonstrates that novel

tumor vascular model (Zhang et al., 2012). The exogenous IMD;_47
peptide was found to enhance blood supply and promote tumor
growth (Zhang et al, 2012; Wang et al,, 2018). IMD;_s3 might
regulate vessel function homeostasis via upregulating the L-Arg/
NOS/NO pathway (Yang et al,, 2006). Moreover, studies have
demonstrated that IMD promotes endothelial migration and tube
formation by increasing the phosphorylation of ERK, AKT, as well
as the synthesis of vascular endothelial growth factor (VEGF) and
VEGF receptor-2 (VEGFR-2) (Smith et al, 2009). Additionally,
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The mechanism and process of IMD promote vascular growth in tumors. IMD regulates the expression of the CLR receptor complex and B-arrestinl/
Src, facilitating their translocation into the cytoplasm to activate the downstream ERK1/2 signaling pathway. This activation promotes the expansion of the

blood vessel lumen and enhances the maturation of tumor blood vessels.

IMD could directly activate the phosphorylation of VEGFR-2
through CGRP receptors or AM,; receptors, providing an
additional mechanism for pro-angiogenesis (Cai et al., 2010).

Regular expression of VEGF results in consistent and stable
blood vessel development, whereas overexpression of VEGF leads to
an excessive budding of vessels and the formation of irregular blood
vessels. Xiao et al. discovered that IMD acted as a proangiogenic
factor that can inhibit excessive vascular budding induced by
overexpressed VEGF (Xiao et al, 2015). In addition, IMD has
the ability to regulate the expression of vascular endothelial-
cadherin (VEC) and prevent vascular budding caused by
increased endothelial space (Zhang et al., 2012; Xiao et al., 2015).
Furthermore, IMD could promote vessel fusion by inducing
endothelial cells to enter a “ready-to-anchor” state and regulating
VEC activity to achieve a dynamic balance between VEC complex
dissociation and reconstitution (Kong et al., 2020).

The expansion of blood vessel lumen is a result of the restored
proliferative ability of quiescent endothelial cells, rather than any
morphological changes in the endothelial cells themselves. Studies
have found that IMD could regulate the expression of CLR receptor
complex and B-arrestinl/Src, facilitating their translocation into the
cytoplasm to activate the downstream ERK1/2 signaling pathway
(Figure 4). This activation could promote the maturation of tumor
blood vessels and enhance blood perfusion (Wang et al., 2018).
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These mechanisms demonstrate that IMD may play a crucial
role in promoting angiogenesis and the fusion of tumor blood
vessels, ultimately leading to the establishment of a relatively
suitable and functional vascular network for tumor growth.

5.3.3 Hemodynamics

As a potential vascular regulator, IMD plays an important role in
regulating systemic hemodynamics and electrolyte balance, as well
as protecting against ischemic injury and oxidative stress. IMD is
widely expressed in human hypothalamus-pituitary-adrenal axis, as
well as in the heart and kidney, suggesting its role in regulating
circulation and water-electrolyte metabolism (Takahashi et al., 2006;
Takahashi et al., 2011). Administration of IMD into the lateral
cerebral ventricle of rats caused significant and long-lasting
elevations in mean arterial pressure and heart rate, indicating
that IMD had the ability to activate the sympathetic nervous
system (Taylor et al, 2005). Evidence suggests that IMD may
promote vasodilation, increase renal perfusion, and exhibit direct
diuretic effects. Intravenous administration of IMD; 4; peptides
results in increased blood flow and decreased vascular resistance in
various organs, including the heart, lungs, kidneys, liver, stomach,
small intestine, and testis (Fujisawa et al., 2007).

Ischemia-reperfusion injury (IRI) is a significant cause of
acute kidney injury (AKI) and increases the risk of developing
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chronic kidney disease (CKD) subsequently. IMD upregulated
the mRNA and protein expression levels of VEGF and VEGFR2,
while downregulating the expression levels of MMP2, MMP9 and
ET-1. Thus, IMD could protect the kidney from ischemia-
reperfusion injury by facilitating angiogenesis and reducing
the destruction of the perivascular matrix (Wang et al., 2020).
Emerging evidence suggests that the protective effects of IMD
may be attributed to the regulation of mitochondrial function.
Chen et al. found that IMD could mitigate the alterations in
mitochondrial membrane induced by oxidative stress in brain
endothelial cells (Chen et al., 2006).

5.3.4 Cardiovascular disease

Cardiovascular disease is a leading cause of morbidity and
mortality, accounting for 20%-30% of all deaths in the
population (Aggarwal et al., 2017; Leong et al., 2017). IMD
has a protective effect on the cardiovascular system and
cardiometabolic diseases. Much data has demonstrated that
changes in the expression levels of IMD and its receptors can
affect the development and progression of cardiovascular
diseases (Hirose et al., 2008; Yuyun, et al., 2015; Bell et al,
2016). IMD may play both direct and indirect roles in
maintaining cardiovascular homeostasis and improving cardiac
function. For instance, IMD can directly inhibits myocardial
fibrosis by downregulating TGF-B. Additionally, it indirectly
regulates metabolic syndrome and reduces the risk factors
associated with such diseases (Zhang et al., 2016).

Vascular calcification is considered an independent predictor
IMD is a
cardiovascular protective peptide that can suppress vascular
calcification in rats by upregulating y-carboxyglutamic acid
(Gla) protein (Cai et al, 2010). IMD infusion significantly
reduced atherosclerotic lesion areas and the number of

of cardiovascular morbidity and mortality.

calcified nodules in aortic roots in homocysteine-treated
ApoE™" mice. Mechanistically, IMD alleviated endoplasmic
reticulum stress (ERS) activation and decreased the protein
levels of ERS markers in vascular smooth muscle cells
(VSMCs) and mouse peritoneal macrophages (Ren et al,
2020). Exogenous administration of IMD, s; significantly
inhibited the calcium deposition in aortas and the osteogenic
trans-differentiation of vascular smooth muscle cells (VSMCs) in
plus (VDN)-treated old

Mechanistically, IMD,_s3 attenuated aging-associated vascular

vitamin D3 nicotine rats.
calcification by upregulating sirtl via activating PI3K/Akt,
AMPK, and cAMP/PKA signaling (Chen et al., 2020). These
suggested that IMD is a potential drug target for preventing and
treating cardiovascular diseases.

These studies have demonstrated that IMD plays a crucial
role in maintaining cardiovascular homeostasis and alleviating
vascular diseases. As a result, it has emerged as a potential drug
target for the treatment of atherosclerosis, vascular calcification,
and hypertension (Ni et al., 2014; Zhang et al., 2018). For
instance, the use of recombinant peptide or adeno-associated
virus (AAV)-mediated IMD has been investigated as a potential
method to mitigate cardiovascular disease (Zhang et al., 2018).
However, the clinical application of IMD is still limited due to
unclear mechanisms and insufficient

factors such as

experimental research.
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5.3.5 Heart failure

Since the progression of heart failure is irreversible, early
diagnosis and treatment are crucial as they make it easier to
prevent the disease from worsening and improve the survival rate
and quality of life of patients (Coiro et al., 2017; Pei et al., 2018).
Studies have suggested that the expression level of IMD could serve
as a prognostic indicator for heart failure (Zhang et al., 2022). In a rat
model of congestive heart failure induced by left coronary artery
ligation, Hirose et al. discovered a significant increase in the
expression levels of IMD, CLR, and RAMPs (RAMP1/RAMP2/
RAMP3) in cardiac tissues (Hirose et al., 2008). Cabiati et al.
found that the expression of IMD significantly increased in the
peripheral blood of patients with chronic heart failure (Cabiati et al.,
2014). Short peptides derived from pre-pro-IMD,5_s¢ and pre-pro-
IMDs;.9, have been detected in serum of human with heart failure
(Bell et al., 2016; Arrigo et al., 2017).

Patients with acute heart failure who exhibited high IMD
expression in peripheral blood showed stronger myocardial
function compared to those with low IMD expression (Gan et al.,
2014). Furthermore, in a rat model of angiotensin II (Ang II)-
induced cardiac fibrosis, IMD was shown to alleviate cardiac fibrosis
by suppressing NLRP3 inflammasome activation and endoplasmic
reticulum stress. And this was achieved through inhibition of IRE1a
via the cAMP/PKA pathway (Zhang et al, 2022). In rats after
myocardial infarction operation, IMD improved atrial fibrosis
and reduced the inducibility of atrial fibrillation through the
TGF-p1/Smad3 and TGF-P1/Nox4 pathways (Ma et al, 2023).
Nevertheless, in clinical practice, it is difficult to accurately
determine IMD levels in serum due to its short half-life, the
existence of binding proteins and the technical difficulties
(Cabiati et al., 2014).

Cardiac remodeling is characterized by cardiac hypertrophy,
fibrosis, dysfunction, and eventually progresses to heart failure.
Cardiac remodeling was attenuated in mice overexpressing IMD.
IMD markedly suppressed the phosphorylation of Ca**/
calmodulin-dependent protein kinase II (CaMKII) and the
activity of calcineurin to protect against cardiac hypertrophy.
This effect was achieved by upregulating klotho both in vivo and
in vitro (Zhang et al., 2020).

5.3.6 Obesity and diabetes

Some studies have demonstrated a tight association between the
expression of IMD and type 2 diabetes mellitus (T2DM). There was
also a correlation between plasma IMD levels and body mass index
(BMI), diastolic blood pressure (DBP), triglycerides, uric acid, blood
urea nitrogen, fasting and 2-h postprandial blood glucose, and
glycated hemoglobin (HbA1C) (Liu et al., 2022).

IMD is expressed in adipose tissue and is downregulated in diet-
induced obese mice and in db/db mice (Zhang et al., 2016). Zhang
et al. found that IMD mainly inhibited metabolic syndrome by
targeting the adipose tissue (Zhang et al., 2016). An inverse
correlation was observed between plasma levels of IMD and
BMI. Further studies have revealed that IMD treatment restores
the early insulin resistance induced by high-fat diet in adipose tissue,
primarily through the inhibition of adipocyte MHCII antigen
presentation and CD4" T-cell activation (Zhang et al, 2016;
Wang et al.,, 2021). Systemic administration of synthesized IMD
reduced high-fat diet-induced body weight gain, as well as systemic
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insulin resistance, through activation of the AMP-activated protein
kinase (AMPK) pathway and an increase of uncoupling protein 1
(UCP1) expression in adipose tissue (Zhang et al., 2016).

Additionally, IMD could alleviate inflammation in adipose
tissue by regulating the number of macrophages present in the
tissue (Soultanova et al.,, 2016). IMD treatment reversed advanced
glycation end products-mediated M1 macrophage polarization and
impaired bone regeneration in type 1 diabetes mellitus (T1IDM),
which was partially achieved by the peroxisome proliferator-
activated receptor y (PPARy)-mediated inhibition of NF-kB
signaling (Wang et al, 2021). IMD, 53 primarily induces the
activation of M2-type macrophages and reverses the elevated M1/
M2 macrophage ratio by inhibiting AMPK activity. This mechanism
contributes to the reduction of inflammation in adipose tissue (Pang
etal,, 2016). Furthermore, during obesity, adipocytes mainly express
MHC-II and function as antigen-presenting cells, initiating adaptive
immune responses. Since macrophages express receptors for IMD, it
could downregulate MHC-II expression in adipocytes through a
cAMP-BlimP1-dependent manner (Deng et al., 2013). Based on a
mouse model of atherosclerosis in diabetes, IMD attenuates
phagocytosis  through regulation of the
noncoding RNA  Dnm3os/miR-27b-3p/SLAMF7  signaling
pathway (Su et al., 2021).

macrophage long

5.3.7 Sepsis

Sepsis is a systemic inflammatory response syndrome and the
most common critical illness in the intensive care unit (ICU), with
the highest mortality rate (Angus and van der Poll, 2013; Minasyan,
2019). Despite recent advances in sepsis treatment, the mortality rate
still ranges from 30% to 60% (Laroye et al., 2017; Peterzan et al.,
2017). Zhang et al. conducted a retrospective analysis of clinical data
from elderly patients with sepsis and found significant increases in
serum levels of IMD, C-reactive protein (CRP), and procalcitonin
(PCT) (Zhang et al., 2017). These findings suggest that serum IMD
may serve as an indicator of the severity and prognosis of sepsis in
elderly patients.

Clinical findings indicate that IMD has a protective effect in the
development of sepsis and can serve as a specific marker for clinical
diagnosis (Xiao et al., 2018). Vascular leakage and cytokine storms
are two typical pathological characteristics of sepsis (Aird, 2003;
Deutschman and Tracey, 2014; Armstrong et al., 2017). Xiao et al.
discovered that IMD could provide protection against organ damage
caused by vascular leakage and inflammatory response. Subsequent
studies have shown that IMD could reconstruct the endothelial
barrier by regulating Rabl1 to promote VEC transport, which can
repair the endothelial space and alleviate vascular leakage (Xiao
et al., 2018).

Sepsis causes myocardial damage in approximately 40% of
(Hato et al,
responsible for the death of approximately 70%-90% of sepsis
patients (Hoover et al.,, 2015). Studies have shown that IMD can
relax blood vessels, reduce blood pressure, and provide

patients 2019). Myocardial dysfunction is

protection against myocardial ischemia (Dai et al., 2012; Mao
etal, 2014). Zhu et al. discovered, in a rat model of sepsis induced
by CLP, that administering exogenous IMD could increase
oxygen transport, improve tissue perfusion, and enhance
myocardial contractility and function (Zhu et al., 2016).
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An overview of the multiple physiological functions of IMD,
including improving cardiovascular diseases, alleviating
atherosclerosis, regulating hemodynamics, improving obesity and
metabolic syndrome, controlling systemic inflammation,
promoting angiogenesis and tumor progression.

Moreover, the administration of IMD peptides prior to
surgery has been shown to significantly improve survival rates
(Zhu et al., 2016). Interleukin-1p (IL-1p) is an inflammatory
factor that plays a crucial role in the development of tissue and
organ damage during sepsis. Studies have shown that IMD could
reduce the expression of major inflammatory factors in sepsis by
NLRP3/Caspase-1/IL-1p pathway, thereby
exerting a protective effect against sepsis-induced cardiac

regulating the

dysfunction (Johnson et al., 2018).

Taken together, the expression level of IMD is closely associated
with the development of sepsis. Thus, the levels of IMD or pre-pro-
IMD peptide in plasma can serve as diagnostic markers or potential
drug targets for septic syndromes. To translate the research on IMD
into clinical applications, it is necessary to further elucidate the role
of IMD in sepsis.

6 Conclusion

Altogether, the crucial role of IMD in regulating vascular
development, cardiovascular disease, cancer, and inflammatory
diseases is fundamental for its application in clinical practice
(Figure 5). In-depth studies are needed to explore the signal
transduction pathways of IMD and the specific roles of different
active segments of IMD in regulating gene expression, biological
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effect, receptor binding, receptor signal transduction, as well as the
genesis and development of diseases.
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